The nitro radical-anion of the anti-trichomonal drug metronidazole has been detected by electron spin resonance spectrometry under anaerobic conditions in suspensions of intact hydrogenosomes isolated from the parasitic protozoon Trichomonas vaginalis. Metronidazole reduction was driven by pyruvate, but progressive damage to the radical generating system was observed. Quenching of signals due to metronidazole radicals by chromium oxalate suggests that the radicals generated within the organelle can cross the hydrogenosomal membrane into the external medium. Even if a similar process of radical migration occurs in viuo, it seems likely that intrahydrogenosomal damage may explain drug action.
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I N T R O D U C T I O N
The widespread use of metronidazole [ 1-(2-hydroxyethyl)-2-methyl-5-nitroirnidazole] in the treatment of infections caused by organisms growing under conditions of low O2 concentrations emphasizes the need to investigate its exact mode of action (Breccia et al., 1982) . It is highly effective in most cases as an anti-trichomonal agent, and despite intensive studies, the mechanism by which toxicity is exerted against Trichomonas uaginalis, an important sexuallytransmitted human parasite, is still incompletely understood (Muller, 1983) . It is known that the drug accumulates within the protozoon by a passive diffusion process, that specific drug reduction to an active product maintains the concentration gradient necessary for continued drug uptake, and that drug reduction necessitates the presence of electron donors of sufficiently powerful reducing ability (Muller & Lindmark, 1976) . In trichomonads, the site of drug reduction is the hydrogenosome, an organelle specialized to carry out the removal of electrons from pyruvate during the formation of H2, C 0 2 and acetate, the end products of fermentation.
Partial characterization of the hydrogenosomal electron transport chain (Ohnishi et al., 1980; Lloyd et al., 1983) has indicated the presence of a number of iron-sulphur centres and flavoproteins. A ferredoxin has been isolated which functions as an electron carrier from pyruvate : ferredoxin oxidoreductase and stimulates metronidazole reduction by this enzyme (Marczak et al., 1983 ; Gorrell et al., 1984; Yarlett et al., 1985) . The first of a series of metronidazole reduction products (nitro radical anion, nitroso and hydroxylamine derivatives) (Mason & Holtzman, 1975) has been detected in vivo in the cattle parasite Tritrichomonasjoetus (Moreno et al., 1983) , and in Trichomonas vaginalis (Lloyd & Pedersen, 1985) , using electron spin resonance spectrometry (ESR). This technique is also useful for the demonstration of O2 quenching of metronidazole radical anions in civo as the basis of drug resistance in a nonsusceptible strain (Lloyd & Pedersen, 1985) .
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In this report we demonstrate that metronidazole radical anions are generated in hydrogenosomes isolated from T. vaginalis provided with pyruvate as a source of reducing power, and that these free radicals can traverse the organelle membrane into the external medium.
METHODS
Growth of' the organisms and isolation of' hydrogenosomes. Trichomonas vaginalis (Bushby strain) was grown anaerobically at 37 "C on a complex medium (Kulda et al., 1970) containing 10% (v/v) heat inactivated horse serum to a cell concentration of about 1.5 x lo6 organisms ml-'. Organisms were harvested by centrifugation (1200 g, 15 min) at 4 "C, and then resuspended in Hanks' balanced salts solution without glucose at pH 7.4 (Hanks and Wallace, 1949) and recentrifuged. After repeating this washing procedure, organisms were finally resuspended in 'breakage medium' (225 mM-sucrose, 20 mM-KC1, 5 mM-MgC12, 1 mM-EDTA, 20 mM-Tris, 10 mM-KH2P04, adjusted to pH 7.1 with HCI) (Cerkasov et al., 1978) . Extracts were prepared by disrupting the organisms in a tissue grinder size B (A. H. Thomas, Philadelphia, USA) with the Teflon pestle rotating at 1000 r.p.m. The extract was centrifuged at 500g for 4 rnin to remove unbroken cells and nuclei. The supernatant (whole homogenate) was checked microscopically for the absence of intact organisms. Hydrogenosomes were prepared by centrifuging this supernatant at 2500 g for 15 min. The pellet was resuspended in breakage medium and recentrifuged at 2500 g for 15 min. A second washing completed the preparation. The hydrogenosomeenriched fraction typically contained 9% of the total protein of the whole homogenate (recovery 104%), as determined by the Coomassie blue assay (Bio-Rad) using y-globulins as protein standard, and 58% of the malate dehydrogenase (decarboxylating) (recovery 104%). This fraction also contained 63 % of the total pyruvate : ferredoxin oxidoreductase (recovery 78%) (Lindmark & Muller, 1973) . Integrity of organelles was checked by observing the degree of latency of malate dehydrogenase (decarboxylating) as assayed by the method of Lindmark & Muller (1973) . Latency of the latter enzyme was demonstrated by adding 0.1% (v/v) final concentration of Triton X-100; a sevenfold increase in activity was observed.
ESR measurements. ESR spectra of hydrogenosomes suspended in breakage medium were recorded on a Varian E4 spectrometer at room temperature (20 "C) using the liquid sample holder. Subtraction of spectra was done on a Data Lab DL 4000 microprocessor system.
R E S U L T S A N D D I S C U S S I O N
In suspensions containing intact hydrogenosomes, catalytic concentrations of succinate and ADP are required for the transport and respiration of externally added pyruvate (Cerkasov et al., 1978) . Under these conditions, addition of 40 mwpyruvate to a dense hydrogenosomecontaining suspension in the absence of metronidazole gave a free radical signal which was stable in successive scans at room temperature (Fig. 1 a) . At the high protein concentration used (21 mg ml-I), anaerobiosis was attained within seconds, and the intense respiration of the organelles ensured maintenance of anaerobic conditions throughout the experiments. This signal, centred at g = 2-00 with an overall linewidth of 1.8 mT peak to peak, cannot be definitely assigned, but may possibly represent a flavin free radical (Ohnishi et al., 1980) or an intermediate in the reaction of a pyruvate : ferredoxin oxidoreductase of the type previously observed by Cammack et al. (1980) . Subsequent addition of 50 mM-metronidazole gave a complex signal (Fig. 1 b) which consisted of the metronidazole-free radical with hyperfine splitting characteristic of the nitro radical anion (Perez-Reyes et al., 1980) superimposed on the previous spectrum. This was clearly revealed by spectral differencing (Fig. 1 c) . Successive scans showed an initial decrease in the intensity of the metronidazole radical anion signal to an eventual steady state, reached about 2 min after addition of the drug (Fig. 1 d ) . At 20 "C or at 37 "C suspensions of hydrogenosomes prepared as described showed stable respiration over periods of at least 2 h even in the presence of metronidazole. Stable respiration is a feature only of intact organelles. By comparison, incubation times in the present experiments were short (up to 7 min); significant lysis of the hydrogenosomes during incubation in the ESR cavity thus seems unlikely. There was no measurable heating effect of microwave irradiation at 20 mW over 10 min periods. Recently the production of metronidazole radicals in hydrogenosomes from Tritrichomonas foetus has also been shown (Moreno et al., 1984) .
Chromium oxalate, an efficient spin-broadening agent, broadens the narrow ESR signal of a free radical to invisibility. However, collisional encounter of the reagent with radicals necessitates their efflux from the organelles, as chromium oxalate cannot traverse biological membranes (Berg & Nesbitt, 1979) . When the spin-broadening agent was added to the hydrogenosome-enriched suspension during metronidazole radical anion generation, quenching of the signal was observed (Fig. 1 e) . Subtraction of spectra indicated that loss of signal intensity (Fig. I f ) was more than 90% of that initially observed due to drug free radicals.
Control experiments showed that the slowly disappearing metronidazole signal (perhaps due to radical dimerization: Moreno et al., 1984) could not be regenerated by successive drug additions; this suggests that progressive damage to the radical-generating system was occurring.
Addition of 0.1 % (final concentration) Triton X-100 to hydrogenosomes after pyruvate (+ succinate + ADP) did not prevent the production of the hydrogenosomal free radical, but subsequent addition of metronidazole gave no detectable drug radical anion signal.
The reduction of metronidazole requires a low redox potential ferredoxin in close association with pyruvate : ferredoxin oxidoreductase (Gorrell et al., 1984) within the hydrogenosomes. The pyruvate : ferredoxin oxidoreductase activity was not altered after the addition of the non-ionic detergent Triton X-100, although complete loss of enzyme latency clearly shows that this treatment does disrupt the membrane. The effect of Triton X-100 reported here therefore suggests that drug reduction is prevented by spatial dislocation of electron transport components.
These data show that metronidazole radical anions can be generated within intact hydrogenosomes isolated from T. vaginalis. These free radicals may damage the radicalgenerating system and the hydrogenosome membrane, and are capable of efflux from isolated organelles. Experiments showing radical anion efflux from suspensions of hydrogenosomes suggest, but cannot prove, that a similar process may occur in vivo. Whether the cytotoxic action of the drug is mediated within the hydrogenosomes as suggested by its irreversible inhibitory effect on H, evolution (Lloyd & Kristensen, 1985) , or at some other site (e.g. the nucleus: Edwards, 1979 ), remains to be elucidated, although it seems unlikely that the mean free diffusion path of a highly reactive negatively charged species would be great in vim.
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